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Abstract
ERA-Interim reanalysis data and data of the Hadley Centre Global Environmental Model version 2
(HadGEM2) are compared with continuous meteorological observations of near-surface wind and
temperature carried out for more than 30 years at Neumayer station, situated on the Ekstro¨m Ice Shelf of
Antarctica. Signiﬁcant temperature correlations between Neumayer climate and the climate of both the
interior of the Antarctic continent and oceanic regions north of Neumayer are investigated using
observational data and model data. Mean sea level pressure ﬂuctuations at Neumayer can be connected to
changes in the Southern Annular Mode (SAM). Shortcomings in the ERA-Interim reanalysis data with
spurious trends of up to 7 C over 31 years are identiﬁed at several places in Antarctica. Furthermore, it is
shown that katabatic winds in both the ERA-Interim reanalysis data and in the HadGEM2 climate model are
underrepresented in frequency and speed, presumably due to the problems in representing topography in
these relatively coarse resolution models. This may be one reason for the positive 2m air temperature bias of
3 C in the models at Neumayer station. The results of this study reemphasize that climatic trends in regions
with a low station density can not be assessed solely from model data. Thus, it is absolutely necessary to
maintain polar observatories such as Neumayer station to quantify climate change over the Southern Ocean
and Antarctica.
Keywords: Antarctica, Neumayer, observations, katabatic winds, Southern Annular Mode, reanalysis,
climate model.
1 Introduction
Antarctica with its vast ice sheets plays an important role
in the global climate system. Observations show that
except for the Antarctic Peninsula and West Antarctica
(BROMWICH et al., 2013), the polar continent has not
warmed as much during the last 30 years as other areas
of the globe; in fact, near-surface temperature has even
cooled in some central parts of Antarctica (CHAPMAN
and WALSH, 2007; STEIG et al., 2009; MONAGHAN
et al., 2008; TURNER et al., 2005). Monitoring the Ant-
arctic climate system is hampered by the relative lack
of observational data. The instrumental records that are
available come from manned polar research stations,
automatic weather stations, and satellite platforms
(CHAPMAN and WALSH, 2007). For logistical reasons,
most of the observatories are concentrated along the
Antarctic coast. The sparse observational coverage poses
two questions when investigating Antarctic weather and
climate, which will be investigated in this study:
d What is the spatial footprint of the observation
station?
d How well do reanalysis products and climate models
reproduce the observational data?
where we deﬁne spatial footprint as the regions that are
signiﬁcantly temporally correlated to measurements at
Neumayer station concerning meteorological variables.
Previous studies have investigated some aspects of the
accuracy of several global reanalyses over the Southern
Hemisphere (RODRIGO et al., 2013; BRACEGIRDLE and
MARSHALL, 2012). BROMWICH and FOGT (2004), for
example, show that the quality of ERA-40 and NCEP-
NCAR reanalyses increased strongly with the availability
of satellite data after 1978. Here we point out serious
shortcomings in the ERA-Interim reanalysis data also
in the satellite era.
A speciﬁc meteorological feature of the Antarctic con-
tinent is the existence of strong katabatic winds, which
are known to dominate weather and climate in certain
regions of Antarctica. PARISH (1988); PARISH and BROM-
WICH (2007) and TURNER et al. (2009) describe katabatic
winds, which occur mainly due to cooling of the lower
atmosphere on the Antarctic interior. Especially in winter,
when the absence of solar irradiance results in strong
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inversions on the Antarctic continent, the density of near-
surface air masses increases. This leads to downslope-
directed horizontal density gradients between very cold
air masses and relatively warm air masses. The resulting
force is dependent on the inversion strength and the
steepness of the terrain slope. As a consequence the den-
ser air slides down the slope and its strength and direction
is mainly determined by topographic steering. In fact,
PARISH (1988) and VAN LIPZIG et al. (2004) show that
katabatic winds converge inhomogeneously into several,
unequally distributed conﬂuence zones. The representa-
tion of katabatic winds in climate models is an important
issue, given their strong impact on coastal air-sea-ice heat
exchange, sea-ice thickness and the extent of coastal
polynyas (MATHIOT et al., 2010; PETRELLI et al.,
2008). Hence, katabatic winds inﬂuence the deep and
bottom water formation at the Antarctic coast with impor-
tant implications for the world’s oceans. The application
of downscaling makes clear that katabatic winds are in
principle included in climate models as shown by VAN
DEN BROEKE et al. (1997), but higher spatial resolution
of models is necessary for a more realistic representation
of sub-synoptic and meso-scale features (RODRIGO et al.,
2013; PARISH and BROMWICH, 2007).
The Neumayer station is situated on the Ekstro¨m Ice
Shelf about 42 m above sea level (approximate elevation
due to tidal changes and replacement of the station) and
5 km away from the southeast part of Atka Bay (see
Fig. 2). The Ekstro¨m Ice Shelf has a homogeneous, ﬂat
surface, sloping upward to the south towards a high pla-
teau. It is a site where katabatic winds occur regularly.
Nowadays the station provides more than 30 years of
continuous synoptic observations since its launch in
March 1981. Given the length of the time series, it can
be ofﬁcially classiﬁed as a climate station. Unlike the
Antarctic Peninsula, there is no signiﬁcant trend in the
observed temperature at Neumayer from 1981 to 2011,
which is in agreement with most of the other Antarctic
stations (MONAGHAN et al., 2008; KO¨NIG-LANGLO and
LOOSE, 2007). Neumayer station provides a wealth of
data. However, so far these data have not been fully
exploited. The purpose of this study is to establish the
value of Neumayer station to advance our understanding
of the climate system. More speciﬁcally, this study aims:
d to investigate the spatial footprint of the Neumayer
station on Antarctica and the surrounding sea areas,
d to study circulation patterns associated with anoma-
lously warm and cold temperatures at Neumayer,
and
d to explore the accuracy of reanalyses and climate
model simulations over Antarctica.
The performance of the ERA-Interim reanalysis is
validated making use of measurements carried out at
Neumayer station. Additionally, we analyze the climate
model HadGEM2 with the same methods for compari-
son. Section 2 describes the data and methods employed.
In section 3 spatial pressure and temperature correlations
are considered for the Southern Hemisphere to quantify
the representativeness of the Neumayer station. Problems
in simulating physically reasonable temperature time ser-
ies in ERA-Interim will be described and discussed in
section 4. Section 5 focuses on the comparison between
observed and simulated winds, which includes the inves-
tigation of winds during anomalous temperatures at
Neumayer station. Finally, section 6 summarizes the
results and draws a conclusion.
2 Data and methodology
We analyze 2m temperature, 10m wind and sea level
pressure (SLP) of synoptic meteorological observations
from Neumayer station between March 1981 and Decem-
ber 2011. During this period, 3-hourly measurements
were carried out continuously, ﬁrst at the former
Georg-von-Neumayer station (7037’ S, 822’ W) until
March 1992, second at the Neumayer station II (7039’ S,
815’W) and sinceFebruary2009 at theNeumayer station
III (7040’ S, 816’ W) (see KO¨NIG-LANGLO and LOOSE
(2007) for details). The three meteorological parameters
are measured every three hours as mean values over
10 minutes. The three stations are all located several
kilometers apart from each other on the Ekstro¨m ice shelf
close to the Atka Bay and will be referred to jointly as
Neumayer station (location is denoted in Fig. 2). All the
data used here are available through Pangaea (KLO¨WER
et al., 2013).
In addition, we analyze data from the ERA-Interim
reanalysis (DEE et al., 2011) and the global coupled cli-
mate model HadGEM2 (COLLINS et al., 2011), which
contributed to the Coupled Model Intercomparison Pro-
ject Phase 5 (CMIP5). For the HadGEM2 model, histor-
ical solar, greenhouse gas, and aerosol concentration
forcing was used until 2005; afterwards, data from the
HadGEM2 scenario simulation with greenhouse gas
and aerosol concentrations from the representative con-
centration pathway 4.5 (RCP 4.5) deﬁned in CMIP5 have
been used (for details see MEINSHAUSEN et al. (2011);
JONES et al. (2011)). For both the historical and the sce-
nario simulations, the ﬁrst ensemble member has been
considered. RCP 4.5 is a moderate scenario and it is ade-
quate to make use of it until 2011. As can be seen e.g.
from Fig. 1 of ARORA et al. (2011), up to 2020 there is
no discernible difference between even the strongest
and the weakest emission scenario in the CO2 concentra-
tion and in the global mean temperature.
In order to obtain anomalous temperatures atNeumayer
station for subsequent wind composite analysis,
multi-year daily temperature averages were formed. In
the following, an event of temperatures more than one
standard deviation above (below) the long-term average
shall be referred to as warm event (cold event). The
threshold of one standard deviation, which leads to a
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selection of about 16% of all days as warm (cold) events,
is chosen not too high to get a large sample of warm
(cold) days. The same procedure has been carried out
for HadGEM2. Since ERA-Interim time series of
Neumayer temperature have large inconsistencies (see
section 4) observed rather than reanalyzed temperatures
were used for the selection of warm (cold) days for
building the corresponding ERA-interim wind compos-
ites. Different statistical tests were applied for signiﬁ-
cance testing. Correlation and trends have been tested
with a two-sided t-test, as is common practice. To test
the signiﬁcance of the composite maps a two-sided
Mann-Whitney-Wilcoxon test (MANN and WHITNEY,
1947), was applied in order to be able to deal with dif-
ferent sample sizes. This non-parametric test is designed
to analyze whether one of two random variables is com-
ing from a distribution with different median. Mathemat-
ically, the sum of ranks is computed, which follows a
normal distribution for large samples. This is in contrast
to using the original values of the samples according to
the t-test which can only be applied if the data values fol-
low a normal distribution. Furthermore, this choice takes
into account the fact that wind speeds are not normally
distributed (RODRIGO et al., 2013; RIMBU et al., 2013).
For the same reason composite maps are based on the
median of the distribution rather than the commonly used
arithmetic mean.
In order to make observational data more directly
comparable to daily values of reanalysis and climate
model data, we averaged the 3-hourly measurements of
10 minute averages arithmetically for each day. Wind
speed and direction was transformed into its u- and
v-component to calculate a vector mean.
The resolution of ERA-Interim is approximately
80 km (North-South) · 25 km (East-West) in the area
around Neumayer station; in comparison to this the reso-
lution of the HadGEM2 model is coarser at 140 km ·
70 km. In section 5, we refrained from interpolating the
reanalysis and model data to the exact location of
Neumayer station given that the nearest ERA-Interim
and HadGEM2 grid points are no more than 18 km far
away (the distance to the ice shelf edge is also compara-
ble). We recognize a general difference between model
data and observations: Gridded data is always the respre-
sentation of an averaged value over a certain area,
whereas an observation is just representative for a point
in space where the measurement has been carried out.
Nevertheless, as the area around Neumayer station is rea-
sonably ﬂat and homogeneous, we proceed with the com-
parison bearing this difference in mind.
The ability of the reanalysis and the climate model to
simulate complex ageostrophic wind components, such
as katabatic winds, is investigated by the analysis of geo-
strophic wind components ug, vg (on a longitude-latitude
grid), which were calculated from model output as
following:
ug ¼  1fq
@p





where f = f(y) refers to the coriolis parameter, p is the sea
level pressure (SLP), q = q(psurf, h, T), is the in-situ den-
sity calculated from the ambient surface pressure psurf, the
humidity h and the ambient temperature T.
3 Spatial footprint of the Neumayer
station
Fig. 1 shows the temporal correlation of daily anomalies
of SLP and 2m temperature between Neumayer station
and ERA-Interim reanalysis data over the Southern
Hemisphere during winter. Other seasons were investi-
gated as well but here it was decided to focus on the win-
ter months only. The phenomena described in the
following are very similar to those found in spring, sum-
mer and autumn. However, the magnitude of anomalies
peak during austral winter due to the relatively high level
of atmospheric variability (KO¨NIG-LANGLO and LOOSE,
2007). In summer the meridional temperature gradient
(a) (b)
Figure 1: Correlation of ERA-Interim daily anomalies with Neumayer observations during winter (JJA): (a) SLP, (b) Temperature. The
areas where the correlation is non-signiﬁcant at the 95%-level (two sided t-test) has been left blank. The Neumayer station is located at the
correlation maximum, respectively.
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is comparably weak leading to weaker temperature differ-
ences between northerly and southerly winds and hence
reduced anomalies.
The Southern Annular Mode (SAM) is the dominant
pattern of atmospheric variability on the Southern Hemi-
sphere (THOMPSON and WALLACE, 2000; GONG and
WANG, 1999), which describes simultaneous variations
of atmospheric pressure at high- and mid-latitudes. The
centers of action are located approximately at 40S and
65S and are hardly dependent on the longitude. Hence,
the SAM index is a measurement for the strength of cir-
cumpolar westerlies, which imprints many climatic
parameters of Antarctica (THOMPSON and SOLOMON,
2002) as well as of the Southern Ocean (HALL and
VISBECK, 2002) through heat and momentum ﬂuxes.
GONG and WANG (1999) deﬁne a SAM Index by the
zonal mean difference of SLP between 40S and 65S.
The observed daily SLP at Neumayer station explains
30.1% of the variability of the daily SAM Index calcu-
lated as deﬁned by GONG and WANG (1999) from
ERA-Interim data. The correlation coefﬁcient is 0.55,
which is signiﬁcant at the 99.99%-level. Hence, the pat-
tern that appears in Fig. 1(a) is in good agreement with
the Southern Annular Mode (SAM) as it can be seen in
Fig. 2 of VISBECK (2009). In summary, therefore, it
can be said that SLP observations at Neumayer station
reﬂect changes in the SAM. The pattern of the SAM
emerges even more clearly when monthly-mean anoma-
lies are considered (not shown), which is clear consider-
ing the higher correlation coefﬁcient of 0.72 for
monthly-mean anomalies (signiﬁcant at the 99.99%-
level) and the higher explained variance of 52.5%. This
agrees well with the ﬁndings of RIMBU et al. (2013),
who show that enhanced variability at monthly time
scales in the observational record at Neumayer station
is associated with the SAM.
The spatial pattern of correlation in temperatures
(Fig. 1(b)) shows a signiﬁcant signal of the same sign
extending all the way from Southern Ocean to the South
Pole. Areas of opposite temperature anomalies appear to
the west and east over the Southern Ocean; they can be
explained by the atmospheric Rossby waves of the
large-scale circulation, so that a wave crest and trough
are accompanied in the east-west direction inducing
opposite anomalies. This wave pattern is prominent in
the sector from approximately 90W–90E (RIMBU
et al., 2013). Furthermore, West Antarctica seems to be
separated, which can be explained by the topographic
division of these parts of Antarctica by the Transantarctic
Mountains (MONAGHAN et al., 2005). In summary, mea-
surements carried out at Neumayer clearly reﬂect non-
local anomalies across large areas of Antarctica and the
Southern Ocean.
4 Trends in temperature
This section deals with the reanalyzed and observed
trends in 2m temperature in ERA-Interim over the Ant-
arctic region from 1981 to 2011 for all seasons. Apart
from a more general description of the trends their phys-
ical plausibility will be discussed in further detail.
Fig. 2 shows the temperature trends from 1981 to
2011 in the Antarctic region. The trends were calculated
as the slope of the linear regression over the period of
31 years (all seasons) for each grid point. The most
prominent features are 4 different small areas (positions
A to D) where temperature has increased by 5—7 C.
Such a strong localized warming has not been identiﬁed
in any observation studies, with the exception of the Ant-
arctic Peninsula (CHAPMAN and WALSH (2007); STEIG
et al. (2009)). The trends obtained from HadGEM2
reveal a rather smoothed pattern of slightly increasing
temperatures (not shown). In the following, three differ-
ent locations of suspiciously high temperature trends in
ERA-Interim will be investigated in more detail: Position
A, which is located close to the Neumayer station, as well
as position D (170.2E, 72.6S) and position E (67.5E,
73.3S). The spurious temperature trend in position E
was shown by DEE et al. (2011) (their Fig. 36(c)).
The time series of monthly temperature anomalies
from Neumayer station and ERA-Interim are shown in
Fig. 3(a) and Fig. 3(b), respectively. For this analysis
the ERA-Interim data were linearly interpolated to the
exact location of Neumayer station. Linear regressions
are applied for the periods 1981–2001 and 2002–2011
separately. The time series was splitted into two periods
because ERA-Interim shows an abrupt temperature
increase of about 1.5 C from 2001 to 2002; such a shift
is absent from the observational time series from
Neumayer station. The correlation coefﬁcient between
ERA-Interim and the observations amounts to 0.82 for
Figure 2: Linear trend of 2m temperatures [C/31 yr] of monthly
anomalies in ERA-Interim over the period of 31 years from 1981 to
2011. The area where the trend is insigniﬁcant at the 99%-level (two
sided t-test) has been left blank. Positions A to E each refer to the
local extremum. The Neumayer station is denoted with a green star
symbol.
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the full period 1981–2011. The correlation is higher for
the ﬁrst period (0.90) and comparable to the full record
for the second period (0.83). ERA-Interim seems to have
more problems in representing anomalously cold 2m
temperature events after the shift in 2001/02.
Fig. 3(c) and (d) show the time series of ERA-Interim
data for position D and E. For position D a linear regres-
sion has been applied for the periods 1981–1994 and
1995–2011. Further analysis shows a shift in temperature
of 3.3 C between these periods. At position E a marked
temperature discontinuity appears between 1995 and
1996, which is followed by an increase of about 11 C
over 16 years.
These examples show that reanalysis efforts are chal-
lenging in an environment where the temporal and spatial
coverage of instrumental records is very limited. The rea-
sons for the above-mentioned spurious temperature shift
remain to be fully understood. However, one possible
explanation is that ERA-Interim has problems when
manned stations or automatic weather stations become
available or unavailable for a longer period of time. It
is also conceivable that there are issues with the bias cor-
rection scheme and the availability of station data.
Table 1 shows elevation, mean temperature, tempera-
ture trend, mean SLP and mean wind speed for compar-
ison between observations, reanalysis, and the model. For
HadGEM2 it has to be noted that the geographical posi-
tion of Neumayer station is located at an elevation of
approx. 130m; this mismatch can be explained by the rel-
atively coarse resolution of the model. This elevation dif-





Figure 3: Time series of monthly anomalies in 2m temperature [C] for (a) Observations at Neumayer station, (b) ERA-Interim linearly
interpolated on the Neumayer position, (c) ERA-Interim at position D, (d) ERA-Interim at position E, as marked in Fig. 2. Linear
regressions have been applied over different periods: (a) 1981–2001 and 2002–2011, (b) as in (a), (c) 1981–1993 and 1994–2011, (d) 1981–
1996 and 1997–2011. Please note that the scaling for (d) is different from (a),(b) and (c).
Table 1: Comparison of mean values and temperature trends at
Neumayer station during 1981–2011 in observations, ERA-Interim
and HadGEM2. Linear interpolation has been applied for the
geopraphical position of Neumayer station (8.3 W, 70.7S). Please
note that the mean value for wind speed is the velocity of a vector
mean, as described in section 2.
Observations ERA-Interim HadGEM2
Elevation [m] 42.0 31.6 130.1
Temperature [C] 15.9 13.0 14.0
T trend [C/31y] 0.42 1.53 1.38
SLP [hPa] 986.6 986.5 986.9
wind speed [m/s] 8.3 7.1 5.6
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the order of 1 C; the actual magnitude depends largely
on the vertical temperature gradient. This estimate is
based on the ﬁndings of BROMWICH and FOGT (2004),
who quantiﬁed this effect for several Antarctic stations.
When taking into account this correction, ERA-Interim
and HadGEM2 provide similar mean temperatures of
about 13 C.
Nevertheless, the reanalysis and model show positive
near-surface temperature biases of about 3 C compared
to the measurements from Neumayer station. One possi-
ble explanation for this bias may lie in the underrepresen-
tation in frequency and speed of katabatic winds as will
be discussed in more detail in section 5. Another possible
reason could be a misrepresentation of atmospheric sta-
bility or more speciﬁcally an underestimation of temper-
ature inversions although ZHANG et al. (2011) show
that ERA-Interim represents temperature inversions at
Antarctic coastal stations reasonably well concerning
frequency of appearance, depth, and intensity. Further-
more, the size of the model grid cells implies that the
comparably warm sea surrounding the Neumayer station
can also contribute to the warm bias. The differences in
mean wind speed are remarkable. Again, different repre-
sentations of the atmospheric stability especially for Had-
GEM2, but also orographic differences or differences in
the large-scale circulation could play a role.
5 Wind characteristics
5.1 Climatology of winds
A two-dimensional frequency distribution of wind speed
and direction during austral winter (JJA) is illustrated in
Fig. 4(a). Again, it was decided to focus on the winter
months only according to the reason given in section 3.
The dominant wind direction at Neumayer station is
easterly (80–100) which can be found at approximately
45% of the days. Easterly winds also tend to show the
highest wind speeds (up to 33m/s). Other wind directions
occur less frequently and are associated with lower wind
speeds. Furthermore, there is hardly any occurrence of
northerly winds (310–50) at Neumayer station, which
is a result of the fact that the vast majority of low pressure
systems passes towards the north of Neumayer station at
several degrees latitude distance (YUAN et al., 2009).
Finally, it is found that the weakest winds (below 5 m/s)
are associated with a southerly wind component
(140–220).
ERA-Interim as well as HadGEM2 are able to repre-
sent these gross features described above; however, there
are a few differences (Fig. 4(b) and (c)): In ERA-Interim
and HadGEM2 the dominating winds are coming from a
wider range of directions, that is their direction is less
well conﬁned to the 80–100 range as seen in the obser-
vations. Additionally, the magnitude of easterly winds is
underrepresented. Furthermore, both ERA-Interim and
HadGEM2 show a secondary maximum for south-wes-
terly winds (220–240) that is less well deﬁned in the
observations. At the same time, reanalyzed and simulated
southerly winds (160–220) are underrepresented com-
pared to the observations. In the following subsections
possible causes for wind differences at Neumayer station
will be investigated in more detail.
5.2 Geostrophic wind components
In order to separate local effects on the winds at Neuma-
yer station from those associated with the larger-scale
atmospheric circulation, geostrophic winds were calcu-
lated from model output as described in section 2. The
largest difference between actual and geostrophic wind
can be explained by neglecting surface friction. In fact,
the geostrophic winds show about 50% higher wind
speeds as well as a rotation of the wind direction of
approximately 30 to the left (in wind direction), which
is in line with what is to be expected from Ekman spiral
theory (EKMAN, 1905). Despite of the obvious and pre-
dictable short-coming of neglecting friction, a detailed
analysis of geostrophic winds was found to be very
useful.
Based on the geostrophic components of daily winds
in ERA-Interim (Fig. 5(a)) as well as in HadGEM2
(Fig. 6(a)) it can be concluded that the dominant wind
(a) (b) (c)
Figure 4: Two-dimensional frequency distribution of daily 10m winds at Neumayer station during winter months (JJA) from 1981 to 2011:
(a) Observations, (b) ERA-Interim, (c) HadGEM2.
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directions found in the full wind ﬁelds are primarily geo-
strophic, that is, they are dominated by synoptic-scale
atmospheric circulation features. However, it is also
found at Neumayer station that easterly winds experience
a strong topographic steering in ERA-Interim and Had-
GEM2 as a broad range up to 70 of the dominant wind
direction (here: north to east) is turned into easterlies by
the topography (Fig. 4(b) and (c)). The topographic steer-
ing occurs due to the terrain slope between sea level and
Antarctic plateau, which leads to a parallelization of
winds along the coast-line.
For south-westerly winds (the second most prominent
wind direction) the frequency of geostrophically balanced
winds is overestimated in the reanalysis and model. The
relative importance of geostrophic wind components in
explaining the full winds in ERA-Interim and HadGEM2
indicates that ageostrophic winds, such as katabatic
winds, are underrepresented by ERA-Interim and Had-
GEM2 in frequency and speed. In order to provide fur-
ther evidence for this statement winds were considered
separately for anomalously cold and warm days at
Neumayer station. Low temperatures should be associ-
ated with katabatic winds while anomalously high tem-
peratures should go along with strong winds that are a
result of synoptic disturbances leading to meridional heat
exchange.
5.3 Winds during anomalous temperatures
at Neumayer station
The observed winds at Neumayer station during warm
events (see section 2 for details) are shown in Fig. 7(a).
Approximately 90% of the anomalously warm cases
are associated with easterly winds (80–100) and magni-
tudes in the range from 10m/s to a maximum of 33m/s
(11–12 Beaufort). In general, warm events are well repre-
sented in ERA-Interim and HadGEM2 (Fig. 7(b) and
(c)). The geostrophic winds during warm events are
shown in Fig. 5(b) and 6(b). It is clear that easterly winds
are primarily geostrophically balanced with some addi-
tional inﬂuence from topographic steering as indicated
by Fig. 7(b) and (c).
A completely different picture emerges when investi-
gating the cold events: Fig. 8(a) shows that anomalously
low temperatures occur simultaneously with weak south-
erly winds, which is consistent with the notion of a kat-
abatic origin of the winds. Neither the reanalysis nor the
(a) (b) (c)
Figure 5: The geostrophic wind component in ERA-Interim for JJA from 1981–2011. (a) Climatology, (b) warm events, (c) cold events. A
warm (cold) event is deﬁned by a deviation in the observed 2m temperature (the seasonal cycle has been subtracted) at Neumayer station at
least one standard deviation above (below) its mean.
(a) (b) (c)
Figure 6: Same as Fig. 5 but for HadGEM2. Note the different frequency scaling of (c) compared to (a) and (b).
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model are capable to represent the observed frequency of
occurrence of southerly winds; in fact, Fig. 8(b) and (c)
shows mainly weak winds coming from the geostrophi-
cally dominated directions, south-west and east. The geo-
strophic component during cold events (Fig. 5(c) and
6(c)) needs to be discussed separately. The geostrophic
component and the total wind in ERA-Interim are com-
parable during cold events (Fig. 5(c) and 8(b)) with the
geostrophic component stronger and rotated anticlock-
wise compared to the total wind. Hence, ERA-Interim’s
ability to ageostrophic wind components with a katabatic
origin during cold events is limited, which explains the
deviation from the observations. The geostrophic wind
in HadGEM2 comes from 190–220 in about 80% of
the cases. Therefore, cold events seem to be always con-
nected to large-scale atmospheric circulation features
affecting Neumayer station as shown in Fig. 9(b). As
the geostrophic component is hardly comparable to the
wind in Fig. 8(c) it is clear that the model is simulating
ageostrophic winds even if they are not coming mainly
from the south, and thus cannot be considered to be
katabatic.
This leads to the conclusion, that complex ageos-
trophic winds such as katabatic winds are not well simu-
lated in ERA-Interim and HadGEM2. In contrast, as
shown by the warm events, ERA-Interim and HadGEM2
are able to simulate winds, which are mainly the result of
the geostrophically balanced large-scale circulation,
including some aspects of topographic steering. In gen-
eral ERA-Interim appears to be more skillful in reproduc-
ing the winds at Neumayer station than HadGEM2,
which is presumably a direct result of ERA-Interim’s
higher resolution. In fact, previous studies have demon-
strated a better representation of katabatic winds in
high-resolution regional climate models (MATHIOT et al.
(2010); PETRELLI et al. (2008)).
5.4 Wind ﬁelds around Neumayer station
during warm and cold events
In this subsection wind patterns over parts of the SH dur-
ing warm and cold events are investigated. Fig. 9(a) and
(b) display ERA-Interim ﬁelds of the median of wind
speed and direction for all wintertime (JJA) warm and
cold events, respectively. The application of median
instead of commonly used arithmetic mean is useful
given that wind speed is not a normally distributed vari-
able, which leaves the arithmetic mean difﬁcult to inter-
pret in terms of its physical meaning. The signiﬁcance
has been tested using a Mann-Whitney-Wilcoxon test.
The salient features shown in Fig. 9 are all signiﬁcant
(a) (b) (c)
Figure 8: Same as Fig. 7 but for cold events.
(a) (b) (c)
Figure 7: Comparison of warm events as described in Fig. 5 at Neumayer station during JJA: (a) Observations, (b) ERA-Interim and (c)
HadGEM2.
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at the 95%-level under the hypothesis that the wind speed
anomalies of warm and cold events come from a distribu-
tion with equal median (not shown); the test shows insig-
niﬁcant areas where the median windspeed of warm and
cold events is approximately zero.
The composite map of warm events (Fig. 9(a)) high-
lights what has been discussed above: Warm events at
Neumayer station are result of low pressure systems sit-
uated to the north. The associated winds transport rela-
tively warm air of maritime origin to Neumayer station.
In contrast, the composite map for cold events
(Fig. 9(b)) displays roughly a signal of the opposite sign:
The low pressure area is replaced by a high pressure
ridge which reduces the wind speed around Neumayer
station by up to 4 m/s relative to the climatological mean;
these ﬁndings are consistent with results from KO¨NIG-
LANGLO and LOOSE (2007). In addition, katabatic winds
south of Neumayer station can be seen for cold events.
The results presented in section 5 suggest that the speed
of katabatic winds tends to be underestimated.
High and low pressure systems in the vicinity of
Neumayer station are associated with cloud cover
changes. This is consistent with low temperatures due
to clear sky and a negative radiation budget during winter
as well as with high temperatures due to reﬂected radia-
tion from clouds.
6 Conclusions
The meteorological measurements at the Neumayer sta-
tion have been found to have a spatial footprint on the
interior of the Antarctic beyond the South Pole as well
as on parts of the Southern Ocean. This is an important
result given the sparseness of observational data in and
around Antarctica. Furthermore, sea level pressure
anomalies at Neumayer station have been found to be
linked signiﬁcantly to the Southern Annular Mode
(SAM).
Strong spurious trends of up to 7 C over 31 years
have been identiﬁed in the ERA-Interim reanalysis at cer-
tain locations in Antarctica. Other reanalyses also show
shortcomings (BRACEGIRDLE and MARSHALL, 2012).
In contrast, no signiﬁcant temperature trend is observed
at Neumayer station. This is a strong reminder that
reanalysis data need to be used with caution on the Ant-
arctic continent and that the long-term maintenance of
stations such as Neumayer is crucial to retain our capabil-
ities to monitor possible anthropogenic change in Antarc-
tica and over the Southern Ocean.
Anomalously low temperatures at Neumayer are
mostly connected to weak katabatic winds coming from
the interior of the Antarctic continent. In contrast, high
temperatures at Neumayer are mostly connected to strong
easterly winds. Geostrophic winds from northeasterly and
easterly directions are channelled into easterly winds
along the topographic slope of the Antarctic coast and
bring relatively warm air due to heat transport from syn-
optic disturbances.
Several shortcomings of ERA-Interim as well as
HadGEM2 have been found in this study. Section 5
points out that even though the representation of katabat-
ic winds is better at higher resolution, katabatic winds at
approximately 80 km resolution as used in ERA-Interim
are still far from satisfactory. This relative lack of katabat-
ic winds in model products may partly explain the warm
temperature biases of about 3 C in ERA-Interim and
HadGEM2. In contrast, the simulation of synoptic-scale
motions, as shown by the warm events, is very realistic
in both reanalysis and model.
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